The most important components used in aerospace, ships, and automobiles are designed with free form surfaces. An impeller is one of the most important components that is difficult to machine because of its twisted blades. Rough machining is recognized as the most crucial procedure influencing machining efficiency and is critical for the finishing process. An integrated rough machining course with detailed algorithms is presented in this paper. An algorithm for determining the minimum distance between two surfaces is applied to estimate the tool size. The space between two blades that will be cleared from the roughcast is divided to generate CC points. The tool axis vector is confirmed based on flank milling using a simple method that could eliminate global interference between the tool and the blades. The result proves that the machining methodology presented in this paper is useful and successful.
Introduction
Five-axis CNC milling machine tools are widely used to manufacture complex parts and components where a threeaxis or four-axis CNC machine tool could cause collisions. Blades of impellers can be categorized into two types: a non-twisted ruled surface and a twisted ruled surface. A three-axis milling machine can achieve the flank milling of a single non-twisted blade. However, to machine an impeller integrated with non-twisted blades, a rotation axis should be added to rotate the impeller roughcast to machine every impeller sequentially.
For most impellers, however, their blade is usually designed as an extremely twisted ruled surface with a narrow and deep groove between adjacent blades overlapping with each other substantially. In this case, if a three-axis CNC machine tool is used to produce twisted ruled blades, when it is manufacturing one blade, serious collisions would occur between the blade overlapping it and the cutting tool, because the tool axis direction is fixed and is parallel with the z axis and cannot be freely changed to avoid collision. The manufacturing of a single twisted ruled surface needs at least four freedoms and a freedom of rotation workpiece should be added when machining an integrated impeller. For such complex shapes, five-axis machining is generally adopted. The major difference between three-axis machining and five-axis machining is that the tool axis in five-axis machining can be rotated to adapt to the changed curvature on the cutting surface to avoid collision or interference between the cutter and the workpiece [1] . Furthermore, the two additional degrees of freedom have many advantages such as high productivity, machining quality, and more flexible tool-path planning methods [2] . Therefore, it is wise and necessary to adopt a five-axis machine tool to manufacture impellers with twist blades.
Seventy percent of residential is cut off by rough machining. Not only is rough machining the key to improving efficiency, but it also greatly affects the finishing process. The shapely profile of impellers after roughing is always the goal.
There are two different milling methods for five-axis machining. In point milling (or end milling), the cutting edges near the end of a tool remove the material [3] . On the contrary, the cylindrical part of a tool performs the main cutting in flank milling [4] . Kim [5] introduced the method for dividing the area between the pair of blade surfaces into upper and lower parts at the points where the blades twist acutely. He implemented flank milling with a real-time collision test. Young divided a blade into several sections where different cutting depths were implemented to improve cutting efficiency [6] . Yu presented a new hogging method used in a local area to remove the thick stack in slots of impellers [7] . Wang [8] established a dynamic model by introducing the time factor into toolpath planning for rough machining of impellers. Li focused on the error analysis and elimination when flank milling was used to manufacture ruled surfaces [9] .
This study focuses on the blade machining of impellers based on flank milling technology. The method proposed in this paper is based on the rough machining of impellers with twisted ruled blades. For the impellers with nontwisted ruled blades, many simple traditional methods use tool path planning based on three-axis or four-axis milling machine tools. The methods mentioned above cannot address the tool path planning of impellers with freeform surface blades. However, Gershon solved this problem by approximating freeform surfaces with ruled surfaces [10] . A ball end cylinder figured cutting tool is used in this paper. Three essential points in the roughing process are described as the estimation of tool size, calculation of CC points, and determination of the tool axis, which are all introduced in this paper.
Even though many papers advise to use several tools with different diameters in the course of rough machining, in the same time, this course could waste too much time. Mostly, it is not valuable to use more than two tools especially for impellers with small dimensions.
In this paper, a useful and valuable method is proposed to calculate the tool-axis orientation that can eliminate global collision between the tool and the blades.
Theoretical model of impeller blades
An impeller is a rotator with blades on its hub surface. It can be classified into two types: splitter and non-splitter. A splitter can be seen as a small blade in machining. An example of a splitter type impeller modeling is shown in Fig. 1 . The blade model can be defined as
where P Q (u), P P (u) are the basic lines of the blade surface.
In the direction of the parameter v, for every fixed value u, the curve is a beeline called rule line. In the direction of parameter u the basic line is expressed by NURBS curves:
where ! i is the weight; N i,k ðuÞ is the B-Spline basic function; and d i is the control point.
In the finishing process, the tool axis orientation of flank milling is calculated by the rule line. Flank milling on the ruled surface is shown in Fig. 2 .
3 Process planning for rough machining
Estimation of tool size
In a roughing process, the tool size could strongly affect the efficiency, which was verified by Yu [7] . For high productivity, the maximum tool size is selected not to cause tool interference. However, for a pair of adjacent blades with a twisted surface, it is difficult to find the position where a minimum distance can be obtained. The tool length should be longer than the longest rule line in the ruled surface:
where u 0 is the value of u for the leading edge. The tool diameter should be smaller than the minimum distance between the two blades for the non-splitter style or between the blade and its nearest splitters on both sides for the splitter style. For two adjacent surfaces r 1 ðu,vÞ and r 2 ðs, tÞ, the diameter can be estimated by an iterative algorithm. Assume that P 0 and Q 0 are the initial searching points on the two surfaces separately, we have 
where l ¼ PQ is the distance between points P and Q; r 1u , r 1v , r 2s , and r 2t are the tangent vectors at P and Q. The values of Du, Dv, Ds, Dt can then be obtained. The new
. Repeating these steps until jDuj < ε, jDvj < ε, jDsj < ε and jDtj < ε. The minimum distance d PQ between P and Q can then be obtained. An optimized tool diameter should be less than the distance d < d PQ .
Calculation of CC points
The material of impellers is too hard to cut and impellers are made of complex surfaces. Thus, the general method for rough machining is to divide the space between two blades into several layers and to machine the space layer by layer. However, the division can directly affect the productivity. For the impellers without splitters, equidistant surfaces from the hub surface as shown in Fig. 3(a) are first calculated, and tool path planning is then implemented on each layer. For the impellers with splitters, some equidistant surfaces have a slot formed by the splitter shown in Fig. 3 (b) . In the roughing process, residual thicknesses must be left on both sides of a blade and the hub surface. The residual thickness and surface conditions after rough machining could strongly affect the finishing machining. If the residual thickness is too large, the efficiency will be low. The machining of each layer includes two steps: notching and expanding notch. Notching is the first cutting behavior on a layer. Its tool path is usually just a curve in the middle of the two intersections formed by the layer and the adjacent blades for the non-splitter type impellers. Expending notches cuts the residual parts left of the layer from the middle curve to the adjacent blades. Splitter type impellers have two notching paths in the middle of both left and right sections divided by the slot formed by the splitter.
Each layer is described by a NURBS surface. Thus, it is easy to establish a cluster of equal parameter curves on a layer based on the NURBS expression. The equal parameter curves on a layer are shown in Fig. 4 .
The middle one among those equal parameter curves is the tool path of notching and the others at its either side are the expending tool paths. The number of expanding notch tool-paths can be estimated by Eq. (5). The number is decided by the error of the residual height of the material remaining on the layer after machining. The highest residual material occurs at the widest edge in the cutting direction. The section of the widest edge is as shown in Fig. 5 .
where N 1 and N 2 are the numbers of expanding notch tool paths at each side; D is the diameter of the circle where the widest edge is; m n is the width of the blades; N is the umber of the blades; h is the thickness of the residual material on blades; ε is the residual height permitted; and r is the radius of the tool end.
When the number of expanding tool paths is decided, the relevant equal parameter curves can be obtained. The CC points can then be easily obtained by dispersing the equal parameter curves. Choosing different tools, CL points can be calculated regarding the profiles of tools.
Strategy of tool axis vectors avoiding interference
In the regular sequence for machining impellers, the first is roughing and then finishing. However, the calculation of tool path planning does not have to conform to this sequence. Before carrying out rough tool path planning, an algorithm for flank milling in finishing must be clearly outlined to obtain the tool axis vectors, which are the basic vectors for rough machining. In the roughing process, a tool axis vector corresponding with CL points can be calculated by vectors with the same parameter u of ruled lines at adjacent blades.
An impeller blade is a ruled surface, which will cause local interference in flank milling because the normal vectors for a ruled line are not in the same direction. Many methods can verify the tool axis with minimum error to improve the finishing precision. However, in the roughing process, it does not need to consider so much, because the residual thickness is left for the final finishing process. The keystones of roughing are efficiency and the avoidance of collision.
Usually, an interpolation method used in the realization of NC movement is used in tool path planning. The collision between the tool and the blades can be effectively avoided.
For machining a layer in a roughing process, the vectors of notching are interpolated by the vectors of flank millings on adjacent blades. It is just an arithmetical average of two vectors:
where T 
where T e j,i is the expanding notch vector of the CL point i in the tool path j at one side of notching.
These algorithms can avoid collision between the tool and the blades because the vectors are calculated by the blade vector. So the vector performed cannot exceed the vector of the blades.
Simulation and verification
It is very important to simulate and verify the machining of impeller blades after its tool path planning.
Verification of machining
After algorithms of a roughing process are confirmed, it is essential to verify the machining procedures. Some machining processes were verified by experiments where many true impellers were machined and the cost was great. This paper simulates several types of impellers to observe interference and the entire machining procedure. The impellers with splitters or without splitters are verified, respectively. The tool paths of the splitter type and nonsplitter type generated is shown in Fig. 6 . The verification cannot be implemented by general CAD/CAM software, because the software published generates tool paths based on its own systems and algorithms. Thus, during our research, the algorithm has to be realized by ourselves with C ++ language to verify whether the techniques designed is reasonable. The machining parameters are separately shown in Table 1 . The simulation result indicates that the technology proposed in this paper can be achieved and is useful for performing the roughing tool path for every type of impeller without interference. This proves that the program can be used in real machining.
Machining experiments
The program verified was used to manufacture a type of turbo used in a pneumatic machine. The model shown in Fig. 7 was established using C ++ language on a VC platform with the help of ACIS core provided by SPATIAL Corporation. The impeller shown in Fig. 8 was machined in an MDU 70V 5-axis vertical machining center made by DECKEL.
The maximum spindle speed is 15000 rpm and the feed rate is 400 (mm/min). Figure 8 shows actual rough machining and its final shape after machining.
In the experiments, no collisions were detected and after roughing the blades had good quality, which proves that the process and algorithms proposed in this paper are both useful and successful.
Conclusions
This paper explores an easy and effective way to improve the rough machining of the impeller in a five-axis machining. Most modules are developed with C ++ language on the VC6.0 platform with the help of ACIS core. A blade model and its geometrical characteristics are given and analyzed. An entire process and the algorithms of every process in roughing are shown in this paper.
An accurate algorithm for determining the minimum distance between two surfaces is applied in this paper to estimate the tool size. The space between two blades that will be cleared from the roughcast is divided into several layers. In each layer, CC points are generated by the equal parameter curves. The tool axis vector is confirmed based on flank milling with a simple method for eliminating global interference between the tool and the blades. The verification results prove that the machining methodology and procedures are useful and successful.
